Hot water supply aluminized steel pipe (125A) corroded and leaked in about six years.
Introduction
The standard electrode potential of Al is -1.676 V (vs. SHE at 25°C), which is the least noble among available industrial metallic materials, and the corrosion potential of Al in seawater is in the range of -0.8 to -1.0 V (vs. SCE) 1) , which is less noble than that of steel, and accordingly the Al can act as a sacrificial anode against the steel in seawater. However, the corrosion potential of Al in fresh water would ennoble owing to formation of a passive surface film and fail to act as a sacrificial anode against steel in fresh water, and in some cases, corrosion of aluminized steel at a defective part of the Al plating layer in fresh water might be accelerated 2) 3) . In hot water at 60°C, the sacrificial anode effect of Al against aluminized steel bearing a defective Al plating layer was reported to function on account of a shift of the corrosion potential of Al toward the less noble side with rising temperature from ambient temperature to 60°C 4) .
We received a sample of a straight part of an aluminized steel pipe (JIS-1070; Al plating layer with purity >99.70% and thickness >100 μm; steel pipe: SGP; after 5 years and 11 months of service as hot water supply system with water at 65-70°C) experiencing perforating pitting failure for analysis. The average rate of perforating corrosion was estimated to be 0.76 mm/year from the standard steel pipe wall thickness and the duration of service. This rate of perforating corrosion was considered very high for steel pipe in hot fresh water. Thus, aiming at elucidating the cause for such corrosion, an inspection of the perforated part of the pipe, analysis of the tap water flowing into the hot water supply piping system, laboratory immersion test for the aluminized steel pipe sample, corrosion test for the aluminized steel pipe sample integrated in the service piping system on site, and laboratory measurement of corrosion potential of the aluminized steel pipe sample were carried out. The results of these analyses are summarized in the present report. The general inner appearance of the pipe of the corroded aluminized steel pipe after 5 years and 11 months of service as a hot water supply pipe is shown in Fig. 1 , and an enlarged view of the corroded inner surface of the pipe after removing the surface rust layer is shown in Fig. 2 . As seen in Fig. 1 , the inner surface of the corroded aluminized steel pipe was covered with hemispherical rust bumps. After removing the rust bumps by brushing and water washing, deep pits maximum 1 millimeters in diameter and numerous fine pits became detectable over the dark brown substrate surface (Fig. 2) .
The cross-sectional microscopic appearance of the as-received aluminized steel pipe is shown in Fig. 3 and that after the 5 years and 11 months of service is shown in Fig. 4 . It is seen in Fig. 3 that the cross section of the aluminized steel pipe in the initial state consisted of three layers: top Al layer, intermediate Fe-Al alloy layer with tongue-like structure, and steel (Fe) substrate. The average thickness of the Al plating layer was no less than 100 μm. It is seen in Fig. 4 that, even at the intact part of the Fe substrate, the pure Al layer was almost entirely consumed, while the Fe-Al alloy layer remained, and that, at the corroded zone, the substrate steel underneath the Fe-Al alloy was gouged out.
The detected corrosion morphology appeared to imply that the potential of the Fe-Al alloy layer was nobler than that in the pit interior (steel).
Corrosion test for aluminized steel test piece
A laboratory immersion test was performed for an aluminized steel test piece of dimensions 60 × 50 × 4 mm introduced with drilled Al plating layer defects of size 6.0 mm φ × 1, 3.0 mm φ × 2, and 1.5 mm φ × 3 in tap water heated to 60°C(12h/day) for 30 days (12 h/day under stirred test water condition). An immersion test for an aluminized test piece of dimensions 60 × 50 × 4 mm introduced with drilled Al plating layer defects of size 2.0 mm φ × 3 and 1.0 mm φ × 6 was done also in the hot water supply line in service at a strainer in a 24-h system in the building where the corrosion incident of the aluminized steel pipe was experienced for 15 days. After these immersion tests, the corrosion state of the defective part of the surface of the plating layer was inspected visually and the cross section was inspected using an optical microscope.
Surface appearances before and after the 30-day immersion test in 60°C tap water are compared in Fig galvanic corrosion progressed between the Al plating layer (cathode) and the steel substrate beneath the defective part (anode).
As reproduced in Fig. 7 , the surface of the Al plating layer after the 15-days immersion test in the hot water system in the service system had a metallic luster, unlike that after 30-days laboratory immersion in 60°C tap water, showing blackening (Fig. 5) . It was reported 5) that, in hot water around several ten degree, a thick dark brown boehmite (AlO(OH)) layer would deposit over the Al surface applied with no surface treatment.
Thus, the blackening of the surface of the Al plating layer detected after 30-days immersion in tap water at 60°C (Fig. 5 ) was concluded to be ascribable to the boehmite formation. On the other hand, the metallic luster of the Al surface of the test piece immersed for 15-days in the service hot water supply line (Fig. 7) was retained. This must be due to the retarded formation of boehmite in the service hot water supply line, but it is somewhat puzzling compared with the situation of extensive surface blackening detected for the Al surface after the similar laboratory immersion test in hot water at 60°C for 30 days (Fig. 5 ). This aspect must be clarified by further investigation.
Anyway, under any examined condition, it seemed certain that the Al plating layer acted as cathode against the steel substrate.
Measuring the corrosion potential for aluminized steel pipe
Corrosion potential measurements were performed in tap water at room temperature and at 60°C for Al, Fe-Al alloy layer, and steel substrate cut out of the aluminized steel pipe for up to 192 h using an EM-02 electrometer from TOHO GIKEN. Test pieces soldered with lead wire were coated with epoxy resin, leaving the electrode test surface 10 × 10 mm. The Al surface of the as-supplied aluminized steel pipe was used as the Al test piece, while the Fe-Al test electrode was prepared from the as-supplied aluminized steel by polishing away the top Al plating layer and the steel substrate electrode was prepared by polishing away top Al plating layer and intermediate Fe-Al alloy layer. The surface of the Fe-Al alloy test piece and that of the steel substrate were polished down to #600, whereas the surface of the Al test piece was in the as-received state. As evident in Fig. 9 , at either room temperature or 60°C, the potentials of the Al and the Fe-Al alloy were nobler than that of the steel at any period during the immersion. Under any immersion condition, the change in the corrosion potential was considerable at the onset for each test piece probably on account of formation of an oxide surface film. The potential difference at 60°C was 0.1 V between Al and steel and 0.14 V between steel and Al-Fe alloy, while they expanded to 0.18 V and 0.17 V, respectively, at ambient temperature. At room temperature, the corrosion potential of the steel substrate tended to shift toward the less noble side with increasing immersion duration (Fig. 9) , which was interpreted During the immersion at 60°C, blackening of the Al test piece surface was detected, which was, as mentioned earlier in the text, concluded to be due to the formation of AlO(OH) (boehmite). Localized corrosion was observed to be severe for the Fe-Al alloy layer test piece at 60°C.
Water quality
Water analysis was performed following standards defined for tap water, industrial water (JIS K 0101), drain water (JIS K 0102), and approved analytical institution. Table  1 summarizes the evaluated quality of tap water and hot water in the service system, Table 2 gives the quality of the laboratory immersion test water, and Table 3 gives the quality of the water used for corrosion potential measurement. It is understood from , and other dissolved salt constituents were relatively high in the waters listed in Tables 2 and 3 to make the electrical conductivity of these waters higher than that of the water in the service system ( Table 1 ). As such, it was anticipated that the waters listed in Tables 2 and 3 with comparatively high Cl   -level had higher corrosiveness for initiation of localized corrosion for Al than the water listed in Table 1 .
Estimation for causes for the detected corrosion
Fe-Al alloy layer remained in the whole of the corroded aluminized steel pipe sample as shown in Fig.4 . However, piping leaked by the localized corrosion that the round plane and the bowl type section. Thus, it was concluded that the potential of the Al plating layer, as well as that of the Fe-Al alloy layer, was nobler than that of the steel substrate.
In fact, it is seen in Fig. 9 that, in water at 60C, the corrosion potential of Al was about 0.1 V and that of Fe-Al was about 0.14 V nobler than that of the steel. For the corroded aluminized steel pipe after 5 years and 11 months of service, a certain extent of corrosion loss was detected for the Al plating layer, and thus the galvanic effect of the Fe-Al alloy layer was more dominant than that of the Al plating layer against the steel substrate.
Al is classified as an amphoteric metal, and with reference to the potential-pH diagram, it is understood that its range of stability in water is between neutral and weakly acidic.
Thus, in neutral waters, such as the ones listed in Tables 1-3 , the corrosion reaction of Al was anticipated to be governed by the reduction reaction of dissolved oxygen (DO):
For some Al alloys, the threshold localized corrosion potential is known to be a function of Cl
, but the pitting potential of pure Al in fresh water is not known. For the surface of Al, no evidence of pitting initiation was detected in the laboratory immersion test or in the immersion test in the service hot water supply pipe. However, the Al plating layer was completely dissolved away from the aluminized steel pipe surface after 5 years and 11 months of service (Fig. 4) , while the Fe-Al alloy layer remained almost intact and functioned as the cathode against the steel substrate.
The authors 7) carried out an immersion test for the Al pipe (JIS 1050 Al 99.50%) in semi-once-through type loop circulating water (Table 2) . With reference to these available pieces of evidence, the process of initiation of such localized corrosion was estimated to be as follows.
In the early stage (probably within 1 year) of the service of the aluminized steel pipe in the hot water supply system, corrosion of the Al plating layer progressed to an extent and exposed the Fe-Al alloy layer beneath. This promoted the galvanic process between the Al layer and the Fe-Al alloy layer and subsequently promoted the corrosion of the Fe-Al alloy layer, leading to eventual exposure of the steel substrate to the water. Then, the cathodic effect of the Fe-Al alloy layer with an area incomparably greater than the exposed area of the steel substrate (anode) promoted the corrosion of the steel substrate, leading to the eventual perforating damage in a relatively short time.
Conclusion
For elucidation of the possible cause of the perforation damage experienced for aluminized steel pipe in a hot water supply system after 5 years and 11 months of service, a laboratory immersion corrosion test and immersion test in a service hot water supply pipe for an aluminized steel test piece and corrosion potential measurements for aluminized steel pipe constituents, as well as inspection of the damaged part of the pipe after 5 years and 11 months of service and water quality analysis, were undertaken and the following conclusions were drawn.
(1) In the laboratory immersion test in water at 60C, as well as in the immersion test in the service hot water supply system, corrosion of the steel substrate at the preintroduced damaged part of the aluminized steel test piece to expose the steel (2) The corrosion potential of the Al layer and that of the Fe-Al alloy layer were nobler than that of the substrate steel in tap water: by 0.1 V and 0.14 V, respectively, at 60C and by 0.18 V and 0.17 V, respectively, at room temperature.
(3) As such, it was concluded that the cause of the detected corrosion damage for the aluminized steel tube in service for 5 years and 11 months was the galvanic effect between the steel substrate (anode) and the Al plating layer (more specifically, the intermediate Fe-Al alloy layer).
The corrosion performance of Al in a freshwater environment, including tap water, is not very well understood at present. Especially, the relation between Al and steel with respect to the corrosion potential remains unclear. In the present analysis carried out for aluminized steel pipe subjected to perforating damage after 5 years and 11 months of service in a hot water supply system, a useful view regarding the coupling state between the Al plating layer and the substrate steel in the aluminized steel pipe in a freshwater environment was acquired, resolving the widespread doubt about corrosion for the galvanic couple between Al and Fe in fresh water. Although employment of aluminized steel for a hot water supply system nowadays is not very popular, aluminized steel continues to be accepted for several service applications. Thus, further investigation must be continued to elucidate corrosion performance of aluminized steel in a freshwater environment. 
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